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1.  Introduction 


In  recent  years,  nanocrystalline  metals  and  alloys  have  captured  the  attention  of  the  scientific 
community,  primarily  due  to  the  intriguing  mechanical  properties  with  which  they  are  associated. 
Numerous  reports  now  indicate  that  an  order  of  magnitude  increase  in  strength  is  possible  in 
metals  and  alloys  that  exhibit  grain  sizes  approaching  the  lower  limit  of  nanocrystallinity  (1-4). 
While  achieving  high  strength  has  never  been  a  problem,  the  ability  to  achieve  any  amount  of 
uniform  elongation,  the  prerequisite  for  appreciable  ductility,  has  been  a  challenge  in  the  past 
5-7).  Recently,  numerous  reports  of  improved  ductility  indicate  that  10s  of  percent  of  elongation 
may  be  possible  in  nanocrystalline  metals  (8-10).  The  combined  possibility  of  ultra-high 
strength  and  improved  ductility  make  nanocrystalline  metals  and  alloys  the  future  of  advanced 
metallurgy. 

There  are  several  methods  for  producing  nanocrystalline  (<100-nm  grain  size)  metals  and  alloys; 
however,  none  produces  samples  suitable  for  bulk  mechanical  applications.  Many  methods,  such 
as  mechanical  milling  techniques,  can  produce  metallic  particulates  (average  diameter  of 
10-100  pm)  with  an  internal  nanocrystalline  micro  structure  <50  nm.  The  most  convenient  way 
to  consolidate  the  metal  particles  is  through  powder  metallurgy  techniques  such  as  sintering. 
Sintering  allows  the  production  of  useful  parts  of  almost  limitless  geometry.  However,  since  this 
method  involves  the  application  of  heat  and  pressure,  the  microstructure  of  nanocrystalline 
metals  that  gives  rise  to  the  advanced  physical  properties  is  in  jeopardy  of  coarsening  and 
weakening.  Thus,  the  technological  aspects  of  the  thermal  stability  in  nanocrystalline  materials 
must  be  realized  if  steps  are  to  be  made  toward  large-scale  applications. 


2.  Grain  Growth  and  Stability 


Conceptually,  the  perturbations  between  grains  in  a  polycrystal,  also  known  as  grain  boundaries, 
are  regions  of  disturbed  lattice  only  a  few  atomic  diameters  wide,  and  generally  account  for  an 
insignificant  fraction  of  the  microstructure.  As  the  grain  size  decreases  below  10  nm  in  a 
nanocrystalline  material,  the  percentage  of  microstructure  constituted  by  grain  boundaries 
increases,  and  can  be  in  excess  of  50%.  Thus,  grain  boundaries  in  nanocrystalline  materials  can 
account  for  a  large  increase  of  the  total  free  energy  of  the  system.  The  reduction  of  this  excess 
free  energy,  via  the  removal  of  grain  boundary  area,  represents  a  large  driving  force  for  grain 
growth.  The  driving  pressure,  P,  for  grain  growth,  based  on  the  expansion  of  a  curved  interface, 
is  (11): 
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(1) 


P  =  ^n 

r 

where  C  is  a  constant,  yi,  is  the  grain  boundary  free  energy  per  unit  area,  and  r  is  the  radius  of  the 
curvature  of  a  grain,  which  is  proportional  to  the  grain  size.  When  r  is  in  the  range  of  several 
nanometers,  the  driving  pressure  for  grain  growth  is  large  (~0.5  GPa).  It  has  been  demonstrated 
that  pure  nanocrystalline  metals  (Al,  Sn,  Pb,  Zn,  and  Mg  [12-14])  exhibit  extensive  grain  growth 
at  room  temperature.  Metals  with  higher  melting  points,  such  as  Co,  Ni,  and  Fe,  are  not 
exceptions  to  this  phenomenon  and  show  rapid  grain  growth  over  moderate  temperature  ranges 
(220-450  °C),  resulting  in  grain  sizes  in  the  micron  range  at  -50%  of  their  respective  melting 
temperatures  (15-17).  It  is  this  thermal  instability  that  limits  the  overall  processing  and 
applications  of  nanocrystalline  metals  and  alloys.  Therefore,  it  becomes  imperative  to  create 
alloys  that  are  resistant  to  grain  growth  at  elevated  temperatures. 

The  thermal  stability  of  these  microstructures  is  essential  for  adopting  nanocrystalline  materials 
in  commercial  processes  and  applications.  A  number  of  investigations  on  the  thermal  stability  of 
nanocrystalline  materials  have  been  conducted  based  on  controlling  the  parameters  for  the 
velocity,  v,  of  a  grain  boundary  undergoing  curvature-driven  grain  growth  (18, 19): 

v  =  MP  =  Mo  exp  =&-  ,  (2) 

L  RT  J  r 

where  M  is  the  mobility,  Mo  is  the  pre-exponential  factor  for  the  mobility  term,  Qn  is  the 

activation  energy  for  grain  boundary  mobility,  R  is  the  ideal  gas  constant,  and  T  is  the  absolute 
temperature.  The  pressure  is  entirely  curvature-driven  and  therefore  related  to  yi„  the  interfacial 
energy  per  unit  area,  and  the  radius  r  of  the  grain.  There  are  generally  two  approaches  used  to 
reduce  the  velocity  of  a  moving  grain  boundary — modifying  either  the  kinetic  parameter  (M)  or 
the  driving  force  (P),  the  latter  containing  the  thermodynamic  parameter  (yb). 

Reduction  in  grain  boundary  mobility  has  been  successful  experimentally;  however,  because 
mobility  follows  the  Arrhenius  law,  the  pinning  pressure  on  grain  boundaries  by  any  obstacles 
will  eventually  be  overcome  with  the  application  of  enough  thermal  energy  (1).  A  more 
promising  approach  could  be  to  modify  the  thermodynamic  parameter  in  the  pressure  term  (yb), 
which  shows  only  a  slight  temperature  dependence  (20). 

The  grain  boundary  energy  can  be  calculated  by  solving  the  Gibbs  adsorption  equation  in  the 
dilute  limit  to  yield  the  following  (21,  22): 

r  =  n  +  r[AH„<-7-AS,„],  (3) 
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where  yb  is  the  interfacial  energy  of  the  solvent,  rs  is  the  specific  solute  excess  at  the  interface,  T 
is  the  absolute  temperature,  and  A Hseg  and  A Sseg  are  the  change  in  enthalpy  and  entropy  by  solute 
segregation,  respectively.  A Hseg  consists  of  chemical  (A Hchem,  as  described  by  Defay  et  al.  [23]) 
and  elastic  (A Hei,  as  described  by  McLean  [24])  terms  that  were  combined  by  Wynblatt  and  Ku 
in  accounting  for  surface  segregation  (25,  26).  The  enthalpy  of  segregation  is  given  in  the 
original  Wynblatt-Ku  model  (25)  as  A Hseg  =  AHchem+AHei,  where  the  chemical  contribution  is 
given  by 


=  <7,  -  r,)<T  +  2  Jz„  (xlA  -  X-A )  +  zm, (x‘A  -  y2) 


(4) 


where  yA  and  ye  are  the  surface  energies  for  the  solute  and  solvent,  respectively;  XA  and  XAS  are 
the  atom  fraction  segregant  of  solute  in  the  bulk  and  surface,  respectively;  a  is  the  surface  area 
per  mole;  co  is  the  regular  solution  parameter;  and  zin  and  zout  are  the  in-plane  and  half-of-the-out- 
of-plane  bonds  of  an  atom  in  the  surface  plane.  The  regular  solution  parameter  is  given  by 


®  &AB  n,i.^AA  ^ KB ) 
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(5) 


where  the  bond  energies  between  atoms  of  the  solute,  A,  and  the  solvent,  B,  are  given  by  the 
corresponding  s  values,  A Hm  is  the  enthalpy  of  mixing;  and  Z  is  the  coordination  number  (Z  =  zin 
+  2 Zout).  The  elastic  enthalpy  is  (27) 


A  Hel  =  -  A  E 


el 


2KBGA<yB-VAf 
3KBVA  +  4GAVB  ’ 


(6) 


where  A Eei  is  the  change  in  elastic  energy,  K  is  the  bulk  modulus,  G  is  the  shear  modulus,  and  V 
is  the  molar  volume. 


A  new  thermodynamic  stabilization  model  has  been  developed  (28)  using  the  Wynblatt-Ku 
model  as  its  basis.  This  modified  approach  better  accounts  for  grain  boundary  segregation  where 
some  bonding  across  the  boundary  exists  and  also  accounts  for  mass  balance.  The  formula  is 
fully  derived  by  VanLeeuwen  et  al.  (28)  and  the  reader  is  directed  there  for  a  more  in-depth 
treatment.  Here  we  provide  the  most  pertinent  equations.  The  free  energy  change  due  to  solute 
segregation  to  a  grain  boundary  can  be  expressed  by 


AG,xg={yA-rBp-a)c 


8A H 


(x:-x‘)-zUx:~y2)-o{x-A-y2) 


+AHd-RTlri 


XXL 


,  (7) 


where  a  =  5/6  to  account  for  cross-boundary  bonding,  XAb  and  XAS  represent  the  bulk  and  grain 
boundary  concentrations  of  the  solute,  respectively,  and  A Hm  is  the  enthalpy  of  mixing  of  an 
equimolar  liquid  of  A  and  B.  The  last  term  in  equation  7  is  the  entropy  of  segregation,  which 
can  be  represented  by  A Sseg.  Given  that  A Gseg  =  A Hseg  -  TASseg,  rearranging  of  equation  3  gives 
the  normalized  grain  boundary  energy  as 
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(8) 


Yb 

where  the  grain  boundary  surface  excess  for  the  bilayer  model  is  given  by  rs  =  2 (X/  -  Xa)!g, 
and  the  interfacial  energy  for  a  grain  boundary,  yi„  can  be  estimated  as  one-third  the  solvent 
surface  energy  (29).  The  grain  boundary  energy  is  based  on  the  pure  solvent,  not  for  the 
mixture,  as  the  alloy  is  assumed  to  be  dilute  and  strongly  segregating.  Alloys  for  which  these 
two  assumptions  are  not  satisfied  may  deviate  from  the  predicted  behavior. 


Results  for  the  grain  size  stability  as  a  function  of  temperature  and  total  solute  content  requires  a 
mass  balance  equation  such  that  the  bulk  concentration  of  solute  is  given  by 


X 


b 

A 


(9) 


where  Xa  is  the  global  solute  content  (bulk  and  boundary  concentrations  together)  and  d  is  the 
grain  size.  Equation  9  can  be  substituted  into  equation  7  to  calculate  the  free  energy  as  a 
function  of  total  solute  concentration,  grain  size,  and  temperature,  making  it  a  powerful  tool  for 
predicting  the  microstructural  stability  of  a  nanocrystalline  metal. 

This  resulting  equation  is  particularly  useful  considering  its  use  of  readily  available  elemental 
data.  Information  such  as  surface  energy,  atomic  volume,  and  elastic  moduli  are  tabulated  in 
literature.  The  mixing  enthalpy  is  also  tabulated  for  nearly  every  element  pair  by  Takeuchi  and 
Inoue  (30),  using  Miedema’s  model  (31).  The  simplicity  of  the  analysis  makes  it  quite  user- 
friendly,  but  it  imposes  certain  limitations  as  well.  These  include  application  to  dilute  solutions, 
strongly  segregating  mixtures,  and  those  with  negligible  solubility  throughout  the  annealing 
range.  Therefore,  this  treatment  must  be  judiciously  applied.  It  is  of  great  value  to  consult  phase 
diagrams  for  alloys  before  deciding  on  an  element  pair  because  the  model  assumes  segregation  to 
grain  boundaries,  which  will  be  weak  in  highly  miscible  systems.  This  is  commonly  accounted 
for  in  the  elastic  enthalpy  term  but  should  not  be  taken  for  granted. 


3.  Preface  to  the  Visual  Library:  Appendix 


A  comprehensive  library  (see  the  appendix)  was  developed  to  display  the  stabilization 
capabilities  of  44  solvents,  each  with  52  possible  solutes,  for  a  total  of  2288  combinations.  Some 
elements  were  limited  to  use  as  solutes  due  to  complex  crystal  structure,  incomplete  structural  or 
physical  data,  or  impracticality  as  a  realistic  solvent  (i.e.,  Hg).  The  model  has  been  found  to 
agree  qualitatively  with  a  variety  of  experimental  findings  in  literature  for  the  following  systems: 
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Fe-Ta  (32),  Fe-Zr  (32),  Fe-Ni  (32), Fe-Cr  (33),  Fe-Ti  (34),  Cu-Nb  (35,  36),  Cu-Ta  (37),  Cu-Zr 
(38),  Ni-W  (39,  40),  and  Pd-Zr  (41). 


The  data  presented  in  the  appendix  table  section  is  dense,  with  a  variety  of  informational  boxes 
present  for  each  atom  pair  (see  figure  1  for  explanation  of  the  tables).  The  solute  is  indicated  in 
the  large  box  at  the  top  of  the  periodic  table.  The  variables  of  grain  size,  global  solute  content, 
and  temperature  are  located  in  the  yellow  box  to  the  right  of  the  solvent.  The  values  for  these 
variables  are  30  nm,  0.010  solute  fraction  (1%),  and  273  K,  respectively.  In  section  4  there  is  a 
demonstration  of  the  effect  of  changing  these  values  for  Cu  alloyed  with  group  IV  and  group  V 
elements.  When  viewing  the  tables,  note  that  more-intense  colors  indicate  better  stabilization 
tendencies  except  for  mixing  enthalpy.  A  dark-green  bottom  left  comer  is  the  most  important 
indicator,  as  zero  grain  boundary  energy  is  the  hallmark  of  stability.  The  criteria  for  stability  are 
presented  in  context  in  figure  2. 


4.  Influence  of  Variables 


The  intention  of  this  model  is  to  provide  a  practical  approach  for  calculating  the  reduction  in 
grain  boundary  energy  to  assess  possible  solutes  for  stabilizing  nanocrystalline  alloys.  The 
approach  presented  in  this  work  should  provide  a  qualitative  method  of  selecting  grain  growth 
inhibiting  solutes  while  still  being  relatively  easy  to  apply.  To  evaluate  the  applicability  of  this 
model  to  a  specific  problem  or  system,  it  may  be  useful  to  consider  the  phenomena  it  captures 
and  those  it  neglects. 

This  model  captures  the  following: 

•  boundary  energy  reduction  upon  segregation  (equation  3) 

•  chemical  enthalpy  (equation  4) 

•  solvent-solute  interaction  (equation  5) 

•  elastic  enthalpy  (equation  6) 

•  changes  in  configurational  entropy  (last  term  in  equation  7) 

•  temperature  effects  (last  term  of  equation  7) 

•  reduction  in  the  strength  of  intergranular  bonds  compared  to  the  intragranular  bonds  (first 
term  of  equation  7) 

•  grain  size  effects  (equation  9) 
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Figure  1 .  Explanation  of  tabulated  data. 


Figure  2.  Desirable  characteristics  for  stabilization. 


This  model  does  not  account  for  the  following: 

•  the  formation  of  secondary  phases 

•  the  retained  elastic  misfit  of  segregated  solute 

•  change  in  the  regular  solution  interaction  parameter  and  elastic  misfit  due  to  changes  in 
composition  temperature  or  strain 

•  excess  entropy  contributions 

•  multispecie  co-segregation  effects 

•  electronic  contributions 

•  relaxation  effects 

Grain  boundary  segregation  is  an  extremely  complex  phenomenon  and,  as  such,  the  utility  of  any 
model  that  allows  for  greater  accuracy  needs  to  be  weighed  against  the  cost  of  the  complexity  of 
said  model.  Furthermore,  the  precision  with  which  parameters  are  known,  or  can  be 
experimentally  determined,  is  important  for  the  practical  application  of  any  model.  A  model  that 
is  more  consistent  with  the  physical  nature  of  segregation  cannot  be  used  to  make  predictions 
that  are  more  accurate  if  there  is  a  lack  of  precision  in  the  additional  parameters  required.  This 
work  attempts  to  strike  a  reasonable  compromise  between  greater  physical  accuracy  and 
increased  complexity,  but  it  is  not  meant  to  replace  the  thermodynamically  rigorous  and  more 
complex  models  for  interfacial  segregation. 

To  demonstrate  the  utility  of  the  model  (equation  7)  with  respect  to  grain  size,  global  solute 
content,  and  temperature,  we  have  applied  it  to  Cu  with  solutes  of  group  IVB  elements  (i.e.,  Ti, 
Zr,  and  Hf)  and  group  VB  elements  (i.e.,  V,  Nb,  and  Ta).  Consulting  the  Cu  data  (table  1) 
reveals  that  these  two  groups  show  negative  and  positive  enthalpies  of  mixing  (positive  and 
negative  A Hm),  respectively.  The  variables  used  are  detailed  in  the  legends  of  the  comparison 
graphs. 
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Table  1.  General  data  pertaining  to  the  Cu  alloy  systems  discussed.  The  solubility  limit 
assumes  Cu  as  the  solvent.  A  zero  value  indicates  negligible  solubility  with  no 
equilibrium  value  listed  in  the  phase  diagram.  Enthalpies  are  calculated  with  Cu 
as  the  solvent. 


Group  IVB 

Group  VB 

Cu 

71 

Zr 

Hf 

V 

Nb 

Ta 

Atomic  No. 

29 

22 

40 

72 

23 

41 

73 

Atomic  mass  (g/mol) 

63.546 

47.88 

91.224 

178.49 

50.9415 

92.90633 

130.9479 

Solubility  Limit  (af%) 

100 

5 

0.12 

0 

0 

0 

0 

Enthalpy  of  Mixing  (kJ/mol) 

0 

-9 

-23 

-17 

5 

3 

2 

Elastic  Enthalpy  (kJ/mol) 

0 

30.1 

90.8 

85.3 

8.5 

40.2 

43.6 

Surface  Energy  (J/mol2) 

1.8075 

2.0445 

1.9545 

2.1715 

2.586 

2.6775 

3.026 

Atomic  Radius  (A) 

1.57 

2 

2.16 

2.16 

1.92 

2.03 

2.09 

Atomic  Volume  (cm3/mol) 

7.1 

10.64 

14.06 

13.41 

8.73 

10.84 

10.9 

Bulk  Modulus  (GPa) 

137.8 

108.4 

89.8 

109 

153 

170.3 

196.3 

Shear  Modulus  (GPa) 

48.3 

45.6 

35 

56 

46.7 

37.5 

69.2 

Elastic  Modulus  (GPa) 

129.8 

120.2 

98 

141 

127.6 

104.9 

185.7 

Crystal  Structure 

fee 

hep 

hep 

hep 

bee 

bee 

bee 

An  example  of  the  comparisons  is  shown  in  figure  3.  Each  curve  indicates  the  normalized  grain 
boundary  energy  for  a  single  grain  size,  global  solute  concentration,  and  temperature  as  a 
function  of  solute  segregation  (see  concentration  on  the  abscissa).  For  any  temperature  above 
0  K,  the  curves  pass  through  a  minimum  determined  by  the  relative  magnitudes  of  A Hseg  and 
AiSseg.  Discontinuities  (denoted  by  asterisks)  are  observed  where  the  solute  has  been  totally 
exhausted  from  the  bulk.  This  boundary  concentration  is  the  maximum  allowed  by  the  global 
solute  concentration.  Any  solute  concentration  above  this  limit  implies  that  a  negative  bulk 
concentration  exists,  which  is  physically  impossible. 
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Figure  3.  Explanation  of  comparisons.  (See  text  for  descriptions  of  symbols). 

If  the  curves  cross  the  abscissa  with  a  negative  slope  (labeled  as  point  “A”  in  figure  3),  system 
stability  is  expected  at  the  concentration  where  it  intersects.  Any  concentration  greater  than  this 
initial  zero  point  is  not  of  practical  importance,  as  it  predicts  a  negative  interfacial  energy  that  is 
not  reasonable  to  expect  in  such  systems.  The  general  trend  shown  is  that  as  grain  size  increases 
from  10  to  40  nm  the  normalized  boundary  energy  decreases  for  a  given  concentration,  and  the 
solute  boundary  concentration  needed  for  stabilization  decreases  with  increasing  grain  size. 
When  increasing  from  20  to  30  nm,  the  zero  boundary  condition  is  satisfied.  This  is  interpreted 
to  mean  that  the  grain  size  is  unstable  below  30  nm  (or  near  that  value)  and  will  grow  until  the 
appropriate  size  is  reached  because  the  solute  available  is  a  fixed  value. 

For  the  negative  A Hm  solutes,  an  increase  of  grain  size  and  global  solute  concentration  shifts  the 
curves  down  and  to  higher  grain  boundary  solute  fractions.  The  same  was  observed  with  the 
positive  A Hm,  but  the  variation  is  more  dramatic.  For  the  temperature  effect,  the  curves  for  both 
negative  and  positive  A Hm  systems  shifted  up  and  to  lower  concentrations.  Again,  the  positive 
A Hm  systems  are  more  sensitive.  Therefore,  the  model  indicates  that  positive  A Hm  systems  are 
easier  to  stabilize  at  lower  temperatures  where  segregation  is  more  likely,  as  bonding  with  the 
solvent  is  not  favorable. 

By  varying  the  grain  size  (see  figures  4  and  5),  it  is  evident  that  as  the  grain  size  is  increased,  the 
potential  to  achieve  a  zero  energy  boundary  condition  (stability)  is  improved.  The  fourth-row 
elements  (i.e.,  Ti  and  V)  do  not  achieve  stability  for  any  size  up  to  90  nm,  whereas  the  others  do 
benefit  from  an  increased  grain  size.  After  100  nm,  the  grain  size  has  a  much  less  pronounced 
effect. 
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Figure  4.  The  variation  of  normalized  grain  boundary  energy  as  a 

function  of  grain  size  for  (a)  Cu-Ti,  (b)  Cu-Zr,  and  (c)  Cu- 
Hf.  All  variables  are  listed  in  the  legend. 
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Figure  5.  The  variation  of  normalized  grain  boundary  energy  as  a 

function  of  grain  size  for  (a)  Cu-V,  (b)  Cu-Nb,  and  (c)  Cu-Ta. 
All  variables  are  listed  in  the  legend. 
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When  the  global  solute  content  is  adjusted  (see  figures  6  and  7),  the  stability  is  also  improved  by 
an  increase.  Cu-V  can  now  achieve  a  zero  boundary  energy,  but  it  is  also  important  to  note  that 
it  requires  -77%  boundary  coverage,  which  is  likely  to  lead  to  precipitation  and/or  phase 
separation.  Increasing  the  solute  content  is  not  always  a  good  practice,  as  unfavorable  factors 
such  as  precipitate  formation  can  be  exacerbated  by  a  higher  content.  It  is  generally  observed, 
experimentally,  that  secondary  phases  must  be  kinetically  hindered  (33)  from  forming,  as  they 
provide  competition  for  the  available  solute,  causing  destabilization  of  the  boundaries  and  rapid 
grain  coarsening. 

The  temperature  also  has  a  significant  influence  on  stability,  as  shown  in  figures  8  and  9.  When 
the  temperature  is  raised,  stability  is  quickly  lost,  even  for  alloys  that  achieve  it  at  low 
concentrations.  A  notable  change  in  the  variables  is  that  the  grain  size  was  increased  to 
100  nm  to  help  accent  the  effect  of  temperature,  as  smaller  sizes  quickly  went  off  the  chart. 

The  free  energy  curves  displayed  in  these  comparisons  are  an  example  of  the  type  used  as  the 
basis  for  the  periodic  table  data  in  the  appendix.  The  periodic  table  values  are  calculated  using 
equation  7  for  the  fixed  temperature,  solute  concentration,  and  grain  size.  The  minimum,  or  zero 
point,  of  the  calculated  curves  is  reported  in  the  periodic  table  for  each  solvent-solute  system, 
with  the  corresponding  solute  percentage  at  which  they  occur.  The  elastic  and  mixing  enthalpies 
are  calculated  independently  and  are  not  dependent  on  the  variables. 
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Figure  6.  The  variation  of  normalized  grain  boundary  energy  as  a 
function  of  solute  concentration  for  (a)  Cu-Ti,  (b)  Cu-Zr, 
and  (c)  Cu-Hf.  All  variables  are  listed  in  the  legend. 
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(a) 


(b) 


(c) 


Figure  7.  The  variation  of  normalized  grain  boundary  energy  as  a 
function  of  solute  concentration  for  (a)  Cu-V,  (b)  Cu-Nb, 
and  (c)  Cu-Ta.  All  variables  are  listed  in  the  legend. 
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Figure  8.  The  variation  of  normalized  grain  boundary  energy  as  a 
function  of  temperature  for  (a)  Cu-Ti,  (b)  Cu-Zr,  and  (c) 
Cu-Hf.  All  variables  are  listed  in  the  legend. 
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Figure  9.  The  variation  of  normalized  grain  boundary  energy  as  a 
function  of  temperature  for  (a)  Cu-V,  (b)  Cu-Nb,  and  (c) 
Cu-Ta.  All  variables  are  listed  in  the  legend. 
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The  variables  displayed  here  are  instructive  when  considered  individually,  but  system  stability  is 
dependent  on  all  simultaneously.  The  free  energy  of  the  system  must  be  minimized  with  respect 
to  grain  size  and  solute  content  at  any  given  temperature.  Therefore,  if  plotted  three- 
dimensionally,  the  optimum  conditions  would  be  located,  at  the  minimum,  in  a  free  energy 
surface,  not  simply  the  minimum  for  a  single  curve.  In  forthcoming  work  (part  2),  the 
stabilization  behavior  of  select  alloys  will  be  experimentally  compared  to  the  predictions 
reported  here.  Though  this  model  has  been  found  to  be  qualitatively  correct  with  commonly 
studied  systems  available  in  literature,  we  plan  to  extend  it  to  new  systems. 


5.  Conclusions 


A  predictive  free  energy  model  for  grain  boundary  segregation  and  grain-size  stability  in 
nanocrystalline  alloys  was  used  for  assessing  the  stability  in  2288  distinct  alloys  with  base 
elements  of  lithium,  beryllium,  boron,  sodium,  magnesium,  aluminum,  potassium,  calcium, 
scandium,  titanium,  vanadium,  chromium,  manganese,  iron,  cobalt,  nickel,  copper,  zinc, 
rubidium,  strontium,  yttrium,  zirconium,  niobium,  molybdenum,  ruthenium,  rhodium,  palladium, 
silver,  cadmium,  indium,  tin,  barium,  hafnium,  tantalum,  tungsten,  rhenium,  osmium,  iridium, 
platinum,  gold,  thallium,  lead,  thorium,  and  uranium.  The  model  incorporated  easily  accessible 
information,  which  allowed  a  more  universal  application.  For  each  alloy  pair,  the  values  for 
elastic  enthalpy,  mixing  enthalpy,  minimum  normalized  grain  boundary  energy,  and  the 
boundary  concentration  at  the  free  energy  minimum  were  reported.  The  use  of  color  coding 
allowed  determination  of  the  best  solute(s),  which  can  drastically  reduce  development  time  for 
stabilizing  alloys.  The  free  energy  of  each  system  was  shown  to  be  dependent  on  the  solvent, 
grain  size,  solute  content,  and  temperature.  The  model  was  demonstrated  on  Cu  alloys  having 
both  positive  and  negative  enthalpies  of  mixing.  The  current  library  was  developed  using  readily 
available  information  and  can  be  extended  to  include  all  of  the  elements  where  the  appropriate 
data  is  available  for  calculation.  In  forthcoming  work  (part  2),  the  stabilization  behavior  of 
select  alloys  will  be  experimentally  compared  to  the  predictions  reported  here. 
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Appendix.  Solvent  Stability  Tables 


Systems  based  on  the  following  solvents  are  presented  in  this  section: 

1.  Lithium 

2.  Beryllium 

3.  Boron 

4.  Sodium 

5.  Magnesium 

6.  Aluminum 

7.  Potassium 

8.  Calcium 

9.  Scandium 

10.  Titanium 

11.  Vanadium 

12.  Chromium 

13.  Manganese 

14.  Iron 

15.  Cobalt 

16.  Nickel 

17.  Copper 

18.  Zinc 

19.  Rubidium 

20.  Strontium 

21.  Yttrium 

22.  Zirconium 

23.  Niobium 
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24.  Molybdenum 

25.  Ruthenium 

26.  Rhodium 

27.  Palladium 

28.  Silver 

29.  Cadmium 

30.  Indium 

31.  Tin 

32.  Barium 

33.  Hafnium 

34.  Tantalum 

35.  Tungsten 

36.  Rhenium 

37.  Osmium 

38.  Iridium 

39.  Platinum 

40.  Gold 

41.  Thallium 

42.  Lead 

43.  Thorium 

44.  Uranium 
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Figure  A- 1.  Lithium. 
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Figure  A-2.  Beryllium. 
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Figure  A- 3.  Boron, 


Figure  A-4.  Sodium. 
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Figure  A-5.  Magnesium. 
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Figure  A-6.  Aluminum. 
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Figure  A-7.  Potassium. 
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Figure  A-8.  Calcium. 
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Percent  Solute  on  Boundary  at  Minimum 


grain  size 
initial  solute  fraction 
temperature 


30 

0.010 

273 


Na 

Sodium 

Mg 

Magnesium 

3 

IIIB 

4  IVB 

5  VB 

6  VIB 

7  VII B 

VIIIB 

11  IB 

12  MB 

A1 

Aluminium 

Si 

Sicon 

P 

Phcsporus 

s 

Sulphur 

Cl 

Chlorine 

Ar 

Argon 

0.00  15.1 

0.69  18.1 

8 

9 

10 

1.00  |  1.1 

1.00  |  0.5 

40.9  ^4 

95.9  43 

21.6 

8 

0.0  0 

7.5  -2 

26.4  -7 

22.9  -8 

28.9  -17 

36.6  -28 

38.8  -35 

27.7  -9 

3.4  -15 

-23 

-51.5 

-60 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Potassium 

Calcium 

Scandium 

Titanium 

Vanadium 

Chromium 

Manganese 

Iron 

Cobat 

Nickel 

Copper 

Zinc 

Gaium 

Germanium 

Arsenic 

Selenium 

Bromine 

Krypton 

0.00  11.7 

0.00  10.9 

0.70 

17.8 

1.00  |o.9 

1.00  |  2.0 

0.91  12.0 

0.90  12.1 

0.95  7.7 

0.94  1 6.9 

0.94  |  6.2 

0.88  12.7 

0.99  |  2.9 

45.3  [ 

|  89  .1  53 

64.8 

15 

17.6  0 

0.1  2 

3.6  -4 

-39 

14.4  -43 

13.4  -52 

7.2  -65 

0.2  -2 

5.8  -8 

20.9  -5 

35.3  -21 

47.2  -33 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Paladium 

Stver 

Cadmium 

Indium 

Tin 

Antimony 

Telunum 

Iodine 

Xenon 

0.01  112 

0.00  10.8 

0.01 

18.6 

0.91  143 

1.00  |  0.4 

1.00  1 0.5 

1.00  1 1.0 

1.00  1 0.9 

1.00  |  0.7 

1.00  1 3.0 

0.98  |  63 

0.84  152 

0.84  11.8 

0.81  10.8 

43.7  | 

1  91.5  57 

12.9  0 

0.1  1 

3.2  -6 

6.1  -25 

12.6  -41 

11.7  -57 

5.8  -74 

0.4  -47 

11.3  -10 

28.0  2 

50.9  -8 

66.6  -14 

Cs 

Ba 

La- 

Lu 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Po 

At 

Rn 

Caesium 

Barium 

Lanthanide 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Iridium 

Platinum 

Gold 

Mercury 

Thafeum 

Lead 

Bismuth 

Polonium 

Astatine 

Radon 

0.00  112 

0.00  10.5 

0.97  10.4 

1.00  |03 

1.00  |02 

1.00  |03 

1.00  |0.6 

1.00  1 0.6 

0.99  |  02 

1.00  |0.6 

0.95  8.7 

0.65  17.7 

031  17.7 

039  17.8 

Fr 

Ra 

Ac- 

Lr 

Rf 

Db 

Sg 

Bh 

Hs 

Mt 

Ds 

Eg 

Uub 

Uut 

Uuq 

Uup 

Uuh 

Uus 

Uuo 

Francium 

Radium 

Actinide 

Rutherfordium 

Dubmum 

Seaborgium 

Bohrium 

Hassium 

Meitnerium 

Darmsadtium 

Roentgemum 

Ununbium 

Ununtrium 

Ununquadium 

Ununpentium 

Ununhexium 

Ununseptium 

Ununoctium 

LANTHANIDE 

72.8  20 

45.3  18 

57.5  17 

17 

15 

15 

|  48 

15 

14 

14 

14 

13 

12 

I41 

11 

Minimum  mixing  enthalpy 

-190 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Maximum  mixing  enthalpy  104 

Lanthanum 

Cerium 

Praseodymium 

Neodymium 

Promethium 

Samarium 

Europium 

Gadoinium 

Terbium 

Dysprosium 

Hotnium 

Erbium 

Thufium 

Ytterbium 

Lutetium 

Minimum  elastic  enthalpy  0.0 

0.00  15.5 

Maximum  elastic  enthalpy  95.9 

ACTINIDE 

77.5  8 

5.7  0 

3.5  2 

Ac 

Th 

Pa 

u 

Np 

Pu 
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Cm 
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Cf 

Es 

Fm 

Md 
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Berkeium 
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Einsteinium 
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Mendelevium 

Nobeium 
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0.00  18.0 
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1.00  1 2.9 

B 

Boron 


c 

Carbon 


N 

Nitrogen 


o 

Oxygen 


F 

Fluorine 


He 
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Ne 
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Figure  A- 10.  Titanium. 
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Figure  A- 1 1 .  V anadium. 
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Fe 
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Carbon 
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0.86  14.4 

Element  Name 
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temperature 

273 

K 

0.84  10.0 
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35T^H 

51.7  24 
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Na 
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s 
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Ar 
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Sulphur 
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5 
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8 

9 

10 

11 

IB 

12 

MB 
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-2 
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0 

0.1  2 
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12 

10.8 

5 

-1 

-18.5 

-19 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Potassium 

Calcium 

Scandium 

Titanium 

Vanadium 

Chromium 

Manganese 

Iron 

Cobat 

Nickel 

Copper 

Zinc 

Gafcum 

Germanium 

Arsenic 

Selenium 

Bromine 

Krypton 

0.01  10.5 

0.01  7.9 

0.00 

13.2 

0.67  18.4 

0.98 

7.1 

1.00 

0.9 

1.00  |3.2 

1.00  |o.8 

1.00  1 0.9 

1.00  |  1.1 

0.91 

19.2 

0.81 

19.0 

52.7  [ 

|  122.7  47 

150.6 

11 

114.6  -12 

58.9 

-7 

28.6 

0 

-9 

6.5  -12 

7.4  -13 

13.9  -15 

31.6 

27 

46.8 

17 

73.3  20 

126.0  10 

125.6  7 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Paladium 

Stver 

Cadmium 

Indium 

Tin 

Antimony 

Telunum 

Iodine 

Xenon 

0.01  102 

0.00  8.4 

0.00 

83 

0.00  12.8 

0.43 

20.0 

0.79 

183 

1.00  1 1.0 

1.00  1 1.6 

0.98  |  4.6 

0.00 

20.6 

0.00 

19.0 

0.00  13.6 

0.00  9.6 

0.00  9.7 

45.6  [ 

|  119.2  50 

112.3  -9 

65.7 

-7 

33.2  1 

22.8  -4 

10.0  -11 

11.4  -18 

21.6  -24 

41.3 

0 

44.9 

21 

77.0  31 

137.2  28 

135.8  24 

Cs 

Ba 

La- 

Lu 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Po 

At 

Rn 

Caesium 

Barium 

Lanthanide 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Iridium 

Platinum 

Gold 

Mercury 

Thafeum 

Lead 

Bismuth 

Polonium 

Astatine 

Radon 

0.00  10.5 

0.00  8.5 

0.00  12.9 

035 

202 

0.74 

19.0 

0.95  102 

1.00  |l.4 

1.00  1 1.8 

0.99  |  32 

0.46 

203 

0.00 

18.1 

0.00  12.1 

0.00  83 

0.00  8.5 

Fr 

Ra 

Ac- 

Lr 

Rf 

Db 

Sg 

Bh 

Hs 

Mt 

Ds 

Eg 

Uub 

Uut 

Uuq 

Uup 

Uuh 

Uus 

Uuo 

Francium 

Radium 

AcSnide 

Rutherfordium 

Dubmum 

Seaborgium 

Bohrium 

Hassium 

Meitnerium 

Darmstadaum 

Roentgemum 

Ununbium 

Ununtrium 

Ununquadium 

Ununpentium 

Ununhexium 

Ununsepnum 

Ununoctium 

LANTHANIDE 

138.3  17 

91.8 

15 

119.7 

13 

13 

10 

11 

1  43 

11 

9 

9 

10 

8 

8 

I37 

5 

Minimum  mixing  enthalpy 

-107 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Maximum  mixing  enthalpy  97 

Lanthanum 

Cerium 

Praseodymium 

Neodymium 

Promethium 

Samarium 

Europium 

Gadoinium 

Terbium 

Dysprosium 

Hotmurn 

Erbium 

Thufium 

Ytterbium 

Lutetium 

Minimum  elastic  enthalpy  0.0 

0.00  8.7 

Maximum  elastic  enthalpy  191 .0 

ACTINIDE 

191.0 

2 

80.5  -3 
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Ac 

Th 

Pa 

u 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

Es 
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Md 

No 

Lr 

Actinium 

Thorium 

Protactinium 

Uranium 

Neptunium 

Plutonium 

Americium 

Curium 

Berkeium 

CaKomium 

Einsteinium 

Fermium 

Mendelevium 

Nobetum 

Lawrendum 

0.00 

7.0 

0.00  18.1 

0.36  20.5 

He 

Heium 


Figure  A- 12.  Chromium. 
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Figure  A-l 3.  Manganese, 
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30 

nm 

B 

c 
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O 
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Ne 
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Boron 

Carbon 

Nitrogen 

Oxygen 

Fluorine 

Neon 
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0.90  13.8 

Element  Name 

Iron 

temperature 

273 

K 

0.91  |  8.3 

1.00  |  0.5 

36.0  I  62 

51.6  18 

Min.  Normaized  Boundary  Energy 

1.000 

0.9 

Percent  Solute  on  Boundary  at  Minimum 

21.4  -11 

67.2  -35 

30.4  -39.5 

Na 

Mg 

A1 

Si 

P 

s 

Cl 

Ar 

Sodium 

Magnesium 

VIIIB 

Aluminium 

Sicon 
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Sulphur 

Chlorine 

Argon 

0.00  13.6 

0.00  18.1 

3 
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4  IVB 

5 

VB 

6 
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8 

9 

10 

11 

IB 

12 

MB 

0.90  11.6 

0.69  13.1 
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142.5  25 

94.6 

-11 

38.4  -17 

11.7 

-7 

0.1  -1 

0.2  0 

0.0  0 

0.8  -1 

1.3  -2 

0.0 

13 

11.2 

4 

-2 

-15.5 

-14 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Potassium 

Calcium 

Scandium 

Titanium 

Vanadium 

Chromium 

Manganese 

Iron 

Cobat 

Nickel 

Copper 

Zinc 

Gafcum 

Germanium 

Arsenic 

Selenium 

Bromine 

Krypton 

0.00  11.2 

0.00  8.4 

0.00 

16.2 

0.83  12.9 

0.99 

4.8 

1.00 

1.0 

1.00  |3.1 

1.00  |o.9 

1.00  1 0.9 

1.00  |  1.2 

0.88 

19.7 

0.82 

18.9 

53.0  [ 

|  123.1  34 

148.7  -1 

109.3  -25 

54.4 

-16 

26.4 

-2 

-3 

6.7  -5 

7.6  -5 

13.6  -4 

30.6 

28 

46.6 

17 

72.9  19 

122.9  11 

124.0  10 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Paladium 

Siver 

Cadmium 

Indium 

Tin 

Antimony 

Telunum 

Iodine 

Xenon 

0.00  10.9 

0.00  9.0 

0.00 

9.1 

0.00  17.7 

0.67 

16.9 

0.85 

16.8 

1.00  |l.6 

1.00  |2.S 

0.95  10.0 

0.00 

21.1 

0.00 

19.6 

0.00  143 

0.00  10.0 

0.00  10.0 

45.7  [ 

|  119.6  37 

105.9  -21 

59.9 

-15 

30.2 

0 

21.1  0 

9.8  -4 

11.0  -9 

20.2  -13 

38.6 

8 

45.2 

22 

76.9  31 

135.0  29 

135.0  26 

Cs 

Ba 

La- 

Lu 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

Au 

H§ 

Tl 

Pb 

Bi 

Po 

At 

Rn 

Caesium 

Barium 

Lanthanide 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Iridium 

Platinum 

Gold 

Mercury 

Thafeum 

Lead 

Bismuth 

Polonium 

Astatine 

Radon 

0.00  113 

0.00  9.1 

0.00  17.7 

0.60 

18.1 

0.80 

183 

0.93  14.1 

1.00  |2.1 

1.00  |2.S 

0.98  |  4.8 

034 

20.9 

0.00 

18.2 

0.00  123 

0.01  8.7 

0.00  8.7 

Fr 

Ra 

Ac- 

Lr 

Rf 

Db 

Sg 

Bh 

Hs 

Mt 

Ds 

Eg 

Uub 

Uut 

Uuq 

Uup 

Uuh 

Uus 

Uuo 

Francium 

Radium 

AcSnide 

Rutherfordium 

Dubnium 

Seaborgium 

Bohrium 

Hassium 

Meitnerium 

Darmstadtium 

Roentgemum 

Ununbium 

Ununtrium 

Ununquadium 

Ununpentium 

Ununhexium 

Ununsepoum 

Ununoctium 

LANTHANIDE 

137.7  5 

91.9 

3 

119.2  1 

1 

-2 

-1 

|  30 

-1 

-3 

-3 

-2 

-5 

-5 

25 

-7 

Minimum  mixing  enthalpy  -87 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Maximum  mixing  enthalpy  85 

Lanthanum 

Cerium 

Praseodymium 

Neodymium 

Promethium 

Samarium 

Europium 

Gadoinium 

Terbium 

Dysprosium 

Hotmurn 

Erbium 

Thulium 

Ytterbium 

LuteGum 

Minimum  elastic  enthalpy  0.0 

0.01  9.4 

Maximum  elastic  enthalpy  186.8 

ACTINIDE 

186.8 

-11 

76.5  -11 

46.9  -6 

Ac 

Th 

Pa 

u 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

Es 

Fm 

Md 

No 

Lr 

Actinium 

Thorium 

Protactinium 

Uranium 

Neptunium 

Plutonium 

Americium 

Curium 

Berkeium 

Caffomium 

Einsteinium 

Fermium 

Mendelevium 

Nobeium 

Lawrencium 

0.01 

7.6 

0.18  20.6 

0.55  19.7 

He 

Hetum 


Figure  A- 14.  Iron, 


Figure  A- 15.  Cobalt. 
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Mixing  Enthalpy  (kJ/mol) 
Atomic  Symbol 


Percent  Solute  on  Boundary  at  Minimum 


grain  size 
initial  solute  fraction 
temperature 


30 

0.010 

273 


Na 

Sodium 

Mg 

Magnesium 

3 

NIB 

4  IVB 

5  VB 

6  VIB 

7  VI  IB 

VilIB 

11  IB 

12  MB 

A1 

Aluminium 

Si 

Slcon 

P 

Phosporus 

s 

Sulphur 

Cl 

Chlorine 

Ar 

Argon 

0.00  16.3 

0.14  21.3 

8 

9 

10 

0.89  9.3 

0.56  14.2 

51.3  | 

149.0  -7 

107.1 

-39 

50.3  -35 

19.9  -18 

1.9  -7 

2.3  -8 

1.2  -2 

0.1  0 

0.0  0 

1.1  4 

17.2  -9 

-15 

-23.5 

-19 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Potassium 

Calcium 

Scandium 

Titanium 

Vanadium 

Chromium 

Manganese 

Iron 

Cobat 

Nickel 

Copper 

Zinc 

Gafeum 

Germanium 

Arsenic 

Selenium 

Bromine 

Krypton 

0.00  13.0 

0.00  8.6 

0.16 

18.6 

0.83  9.6 

0.97  5.2 

1.00  1 1.1 

1.00  |2.4 

1.00  |l.1 

1.00  1 0.8 

1.00  |  0.9 

0.99  |5.0 

0.91  11.3 

54,1  | 

|  127.9  -1 

160.8 

-31 

125.9  -49 

70.2  -30 

39.3  -7 

1 

14.2  0 

15.4  -1 

22.7  0 

41.2  15 

55.0  2 

81.8  2 

136.8  -4 

135.6  -1 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Paladium 

Stver 

Cadmium 

Indium 

Tin 

Antimony 

Telunum 

Iodine 

Xenon 

0.00  12.6 

0.01  9.6 

0.00 

9.0 

0.11  17.8 

0.63  14.6 

0.73  17.8 

0.97  10.5 

0.95  122 

0.79  18.7 

0.04  21.7 

0.07  21.5 

0.00  14.6 

0.00  93 

0.00  92 

46.5  [ 

|  123.6  0 

123.7  -42 

77.0  -29 

44.3  -3 

33.4  2 

18.9  1 

20.5  -2 

31.9  -5 

52.3  7 

51.4  8 

84.8  13 

147.6  13 

144.8  10 

Cs 

Ba 

La- 

Lu 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Po 

At 

Rn 

Caesium 

Barium 

Lanthanide 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Iridium 
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Figure  A- 16.  Nickel. 


Figure  A- 17.  Copper. 
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Figure  A- 18.  Zinc. 
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Figure  A- 1 9 .  Rubidium. 
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Figure  A-20.  Strontium. 


Figure  A-2 1 .  Y ttrium. 
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Figure  A-22.  Zirconium. 


Figure  A-23.  Niobium. 
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Figure  A-24.  Molybdenum. 
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Figure  A-25.  Ruthenium. 
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Figure  A-26.  Rhodium. 


Increasing  Elastic  Enthalpy  •■> 


Solvent 


-27 

Decreasing  Solute  Requirement-^ 

H 

Decreasing  Grain  Boundary  Energy 

-> 

DJ 

He 

Hydrogen 

Mixing  Enthalpy 

.r  d 

Heium 

2  IIA 

negative 

zero 

positive 

13  IMA 

14  IVA 

15  VA 

16  VIA 

17  VI IA 

6.7  -40 

37.5  -8 

51.0  -24 

31.3  -32 

-62 

Li 

Be 

Elastic  Enthalpy  (kJ/mot) 

7.9 

-4 

Mixing  Enthalpy  (kJ/mol) 

grain  size 

30 

nm 

B 

c 

N 

o 

F 

Ne 

Lithium 

Berytum 

Fe 

Atomic  Symbol 

initial  solute  fraction 

0.010 

Boron 

Carbon 

Nitrogen 

Oxygen 

Fluorine 

Neon 

1.00  2.1 

0.77  16.1 

Element  Name 

Iron 

temperature 

273 

K 

0.78  12.4 

0.99  |  2.4 

28.2  -15 

24.1  -40 

Min.  Normaized  Boundary  Energy 

0.997 

2.5 

Percent  Solute  on  Boundary  at  Minimum 

2.3  -46 

19.3  -55 

19.6  -36.5 

Na 

Mg 

A1 

Si 

P 

s 

Cl 

Ar 

Sodium 

Magnesium 

VIIIB 

Aluminium 

Sicon 

Phosporus 

Sulphur 

Chlorine 

Argon 

0.82  13.0 

0.96  4.8 

3 

1 1  IB 

4  IVB 

5 

VB 

6 

VIB 

7  VII B 

8 

9 

10 

11 

IB 

12 

MB 

1.00  |  0.9 

0.99  |  2.1 

45.2  -9 

115.9  -63 

45.3 

-86 

6.4  -65 

0.0 

-35 

6.6 

-15 

5.3  -23 

7.9 

-4 

12.2  -1 

13.5 

0 

7.5 

-14 

0.2 

-33 

-42 

-43.5 

-36 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Potassium 

Calcium 

Scandium 

Titanium 

Vanadium 

Chromium 

Manganese 

Iron 

Cobal 

Nickel 

Copper 

Zinc 

Gafcum 

Germanium 

Arsenic 

Selenium 

Bromine 

Krypton 

0.50  18.4 

036  14.0 

0.96  | 

3.8 

1.00  |o.6 

1.00 

0.3 

1.00 

1.3 

1.00  |l.6 

1.00 

2.5 

0.98  1 6.6 

0.97 

10.0 

1.00 

2.4 

1.00 

1.0 

49.0  -9 

104.3  -61 

95.6 

-84 

44.0  -91 

9.2 

-53 

0.8 

-15 

1  4 

1.1 

6 

0.8  2 

0.0 

0 

4.0 

-7 

18.7 

-26 

39.6  -31 

64.3  -34 

74.9  -28 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Paladium 

Stver 

Cadmium 

Indium 

Tin 

Antimony 

Telunum 

Iodine 

Xenon 

0.44  18.7 

0.46  13.1 

0.72  | 

8.6 

0.97  |3J2 

1.00 

0.6 

1.00 

03 

1.00 

0.4 

1.00  lo.5 

1.00 

0.9 

0.99 

3.5 

0.96 

5.6 

0.85  9.5 

0.65  13.6 

0.43  17.1 

43.2  -9 

104.3  -62 

37.8  -80 

10.1 

-52 

1.2 

-6 

0.1  1 6 

0.6 

|  0.4  |  6 

0.2 

2 

4.3 

0 

23.9 

-18 

46.6  -21 

80.8  -18 

93.1  -21 

Cs 

Ba 

La- 

Lu 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Po 

At 

Rn 

Caesium 

Barium 

Lanthanide 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Iridium 

Platinum 

Gold 

Mercury 

Thafeum 

Lead 

Bismuth 

Polonium 

Astatine 

Radon 

0.52  183 

0.47  13.0 

0.98  |2.9 

1.00 

0.6 

1.00 

03 

1.00  |o 2 

1.00 

02 

1.00  |03 

1.00 

02 

0.99 

5.6 

0.90 

9.6 

0.70  14.7 

0.16  19.0 

0.02  192 

Fr 

Ra 

Ac- 

Lr 

Rf 

Db 

Sg 

Bh 

Hs 

Mt 

Ds 

Eg 

Uub 

Uut 

Uuq 

Uup 

Uuh 

Uus 

Uuo 

Francium 

Radium 

Actinide 

Rutherfordium 

Dubnium 

Seaborgium 

Bohrium 

Hassium 

Meitnerium 

Darmstadttum 

Roentgemum 

Ununbium 

Ununtrium 

Ununquadium 

Ununpentium 

Ununhexium 

Ihunsepoum 

Ununoctium 

LANTHANIDE 

98.5  -82 

64.2 

-83 

81.7 

-83 

-83 

|-86 

|-84 

-61 

|-84 

|  -85 

|  -84 

|  -83 

|  -85 

-85 

-62 

-87 

Minimum  mixing  enthalpy  -91 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yh 

Lu 

Maximum  mixing  enthalpy  8 

Lanthanum 

Cerium 

Praseodymium 

Neodymium 

Promethium 

Samarium 

Europium 

Gadoinium 

Terbium 

Dysprosium 

Hofmium 

Erbium 

Thulium 

Ytterbium 

Lutetium 

Minimum  elastic  enthalpy  0.0 

0.69  9.1 

Maximum  elastic  enthalpy  1 1 5.9 


115.5 

-91 

23.9 

-59 

15.9 

-58 

Ac 

Actinium 

Th 

Thorium 

Pa 

Protactinium 

u 

Uranium 

Np 

Neptunium 

Pu 

Plutonium 

Am 

Americium 

Cm 

Curium 

Bk 

Berkeium 

Cf 

Caffomium 

Es 

Einsteinium 

Fm 

Fermium 

Md 

Mendelevium 

No 

Nobeium 

Lr 

Lawrencium 

0.63 

9.5 

0.99 

2.5 

1.00  | 

1J 

Figure  A-27.  Palladium. 
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Figure  A-28.  Silver. 
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Figure  A-29.  Cadmium. 


Figure  A-30.  Indium. 
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Figure  A-31.  Tin. 
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Figure  A-32.  Barium. 
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Figure  A-33.  Hafnium. 
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Figure  A-34.  Tantalum. 
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Figure  A-36.  Rhenium. 


Increasing  Elastic  Enthalpy  •■> 


Solvent 


-19 

Decreasing  Solute  Requirement-^ 

H 

Decreasing  Grain  Boundary  Energy 

-> 

He 

Hydrogen 

Mixing  Enthalpy 

US 

Heium 

2  IIA 

negative 

zero 

positive 

13  IMA 

14  IVA 

15  VA 

16  VIA 

17  VI IA 

9.0  11 

78.8  -2 

136.6  -24 

43.9  -35 

|  -60 

Li 

Be 

Elastic  Enthalpy  (kJ/mol) 

12.2 

-4 

Mixing  Enthalpy  (kJ/mol) 

grain  size 

30 

nm 

B 

c 

N 

o 

F 

Ne 

Lithium 

Berytum 

Fe 

Atomic  Symbol 

initial  solute  fraction 

0.010 

Boron 

Carbon 

Nitrogen 

Oxygen 

Fluorine 

Neon 

0.74  19.5 

031  20.0 

Element  Name 

Iron 

temperature 

273 

K 

0.02  20.0 

0.96  |  6.2 

30.8  1  52 

36.7  5 

Min.  Normaized  Boundary  Energy 

0.959 

11.4 

Percent  Solute  on  Boundary  at  Minimum 

7.9  -18 

45.6  -36 

23.4  -29.5 

Na 

Mg 

A1 

Si 

P 

s 

Cl 

Ar 

Sodium 

Magnesium 

VIIIB 

Aluminium 

Sicon 

Phosporus 

Sulphur 

Chlorine 

Argon 

0.00  19.6 

0.56  19.8 

3 

IIIB 

4  IVB 

5 

VB 

6 

VIB 

7  VI  IB 

8 

9 

10 

11 

IB 

12 

MB 

0.98  |  5.9 

0.89  9.8 

129.2  4 

74.0 

-39 

19.7  -41 

0.8 

-23 

9.5 

-11 

6.3  -9 

12.2 

-4 

22.4  0 

25.5  1 

10.8 

10 

1.9  -1 

-7 

-14.5 

-11 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Potassium 

Calcium 

Scandium 

Titanium 

Vanadium 

Chromium 

Manganese 

Iron 

Cobal 

Nickel 

Copper 

Zinc 

Gafcum 

Germanium 

Arsenic 

Selenium 

Bromine 

Krypton 

0.00  15.7 

0.00  14.4 

0.72 

14.6 

0.98  4.0 

1.00 

1.2 

0.98 

5.9 

0.98  |7.3 

0.96 

11.4 

0.86  17.8 

0.81 

18.5 

0.81 

19.2 

0.96 

13.2 

50.2  [ 

|  112.7  13 

128.3 

-28 

86.3  -55 

32.1 

-39 

7.8 

-14 

0 

0.3 

0 

0.1  2 

1.3 

8 

13.6 

28 

31.3 

14 

56.5  16 

101.1  9 

104.1  14 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Rubidium 

Strontium 

Yttrium 

Zirconium 

Niobium 

Molybdenum 

Technetium 

Ruthenium 

Rhodium 

Paladium 

Stver 

Cadmium 

Indium 

Tin 

Antimony 

Telunum 

Iodine 

Xenon 

0.00  15.2 

0.00  15.1 

0.10 

19.9 

0.76  12.0 

0.96 

5.8 

1.00 

3.0 

1.00 

1.7 

1.00  1 3.7 

0.93 

17.7 

0.52 

20.1 

0.50 

20.0 

021  202 

0.00  173 

0.00  16.1 

43  9  [ 

|  110.8  15 

82.6  -48 

37.0 

-38 

10.1 

-10 

3.9  -1 

0.0 

0 

0.1  -1 

3.8 

0 

18.2 

18 

33.0 

23 

61.7  30 

114.3  32 

117.0  29 

Cs 

Ba 

La- 

Lu 

Hf 

Ta 

w 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Po 

At 

Rn 

Caesium 

Barium 

Lanthanide 

Hafnium 

Tantalum 

Tungsten 

Rhenium 

Osmium 

Iridium 

Platinum 

Gold 

Mercury 

Thafeum 

Lead 

Bismuth 

Polonium 

Astatine 

Radon 

0.00  15.5 

0.00  15.1 

0.75  12.8 

0.95 

6.4 

1.00 

3.4 

1.00  |l.S 

1.00 

0.9 

1.00  1 1.6 

1.00 

22 

0.62 

19.9 

035 

202 

0.00  19.5 

0.00  133 

0.00  13.4 

Fr 

Ra 

Ac- 

Lr 

Rf 

Db 

Sg 

Bh 

Hs 

Mt 

Ds 

Eg 

Uub 

Uut 

Uuq 

Uup 

Uuh 

Uus 

Uuo 

Francium 

Radium 

Actinide 

Rutherfordium 

Dubmum 

Seaborgium 

Bohnum 

Hassium 

Meitnerium 

Darmstadtium 

Roentgemum 

Ununbium 

Ununtrium 

Ununquadium 

Ununpentium 

Ununhexium 

Ihunsepoum 

Ununoctium 

LANTHANIDE 

120.5  -21 

77.9 

-24 

102.3 

-26 

-26 

-29 

-28 

9 

-28 

-30 

-29 

-28 

-31 

-31 

4 

-34 

Minimum  mixing  enthalpy  -60 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Maximum  mixing  enthalpy  74 

Lanthanum 

Cerium 

Praseodymium 

Neodymium 

Promethium 

Samarium 

Europium 

Gadoinium 

Terbium 

Dysprosium 

Hoimium 

Erbium 

Thulium 

Ytterbium 

Lutettum 

Minimum  elastic  enthalpy  0.0 

0.08  20.0 

Maximum  elastic  enthalpy  164.2 

ACTINIDE 

164.2 

-39 

54.3  -33 

30.1  -26 

Ac 

Th 

Pa 

u 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

Es 

Fm 

Md 

No 

Lr 

Actinium 

Thorium 

Protactinium 

Uranium 

Neptunium 

Plutonium 

Americium 

Curium 

Berkeium 

Caffomium 

Einsteinium 

Fermium 

Mendelevium 

Nobeium 

Lawrencium 

0.00 

16.5 

0.84  122 

0.94  |  8.7 

Figure  A-37.  Osmium. 
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Figure  A-38.  Iridium. 
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Figure  A-39.  Platinum. 


Figure  A-40.  Gold. 


Figure  A-41.  Thallium. 
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Figure  A-42.  Lead. 


Figure  A-43.  Thorium. 


Figure  A-44.  Uranium. 
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